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Introduction. the long-standing fission gas problem
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Introduction. the long-standing fission gas problem
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Fission gas bubble observations
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Fig. 2. Transmission electron micrograph of typical
intragranular gas bubbles in uranium dioxide irradiated
at a rating of a 6.8 10'8 fissions/m?-sec to a burn
up of & 3.2 x 102 fissions/m?, The estimated irradiation
temperature was = 1600 °C. x 300 000

*Cornell, Speight and Masters, JNM 30 (1969) 170-178.

Fig. 7. Transmission electron micrograph taken over-focus of
a thin foil from pin 3 at an irradiation temperature of 1560°C.
The gas bubbles are at a lower density than in pins 1 and 2
and the tendency to nucleate in lines is not apparent.

*Baker, JNM 66 (1977) 283-291.



Fission gas bubble observations

*Kashibe, Une and Nogita, JNM 206 (1993) 22-34.




Fission gas challenges

- Current, engineering scale models do not do a good job of predicting fission gas
release and gas bubble contributions to swelling but are of paramount importance —
well recognized problem in fuel performance modeling:
- L6sOnen* states in recent review: “In transients in particular, when
pronounced bubble coarsening takes place, the release rate depends
strongly on the development of the characteristics of the bubble
population”, and “a mechanistic approach in modeling the bubble
coarsening process should be applied.”

- Pastore™ performed an uncertainty quantification assessment in BISON
and concluded “a better characterization of the parameters through
through experimental and theoretical research may reduce the uncertainty
in fission gas behavior calculations and in the multiple related aspects of
fuel performance analysis” and further noted that there is at least a factor
of 2X uncertainty in current engineering predictions of fission gas release

*Loésdnen, JNM 280 (2000) 56-72. **Pastore, Swiler, Hales, Novascone, Perez, et al., JNM 456 (2015) 398-408.



Our vision of multiscale modeling
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Xe diffusion mechanisms
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Current empirical model:

Total: D.=D,+D,+D,

Intrinsic: D, =7.6:10""xexp(-3.04 /k,T) [ m’/s]|

\

Irr. Enhanced: D, =4x14-10" xvF exp(-1.2/k,T) [mz/s]

Athermal: D, =4x2-107"xF [mz/s]

&

37
W0}

n?s-h)

Intrinsic diffusion {from [28))

Key:-

Contribution due to enhanced
cation vacancy concentration
caused by irradiation damage.
Irradiation induced athermal
contribution.

N\

Empirical relationships.

The mechanisms for D,, D,, and D, are not fully
understood, which complicates development of
predictive models.

D, and D, driven by vacancy population, similar to U
behavior.

D, is believed to be caused directly by damage.

4 6 s 0 12 % 1 18
e 104 /T (°K )

J. A. Turnbull et al., JNM 107, 168 (1982)

Goal: Calculate and fission gas diffusion through simulation

using point defect dynamics and by direct MD simulations.




Governing reaction-diffusion equations

- D, and D, calculated by combining empirical potentials and
DFT calculations to parameterize reaction-diffusion equations
formulated to be consistent with phase-field models, e.g.:
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Point defect evolution in irradiated UQO,

Initial point defect dynamics model
Uranium vacancies (mono- and di-)

Uranium interstitials
Equilibrium oxygen (stoichiometric)

Xenon residing in uranium single
vacancy(+oxygen) and diffusing as a di- 20 -
vacancy .

Damage source term (uranium ol
interstitials, vacancies)

Sinks (static bubble population)

Xe/Vacancy cluster dominates low
temperature diffusion ST 0 Nomedition

— |Intrinsic analytical model
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R. Tonks, et al.,, Comput. Mater. Sci. 51 20 (2012)
A. Andersson, et al., JNM 451, 225 (2014)

A. Andersson et al., Phys. Rev. 84, 054105 (2011)
A. Andersson et al., JNM 462, 15 (2015)
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Migration properties as function of cluster size

- Preliminary results
indicate that the
mobility increases
for increasing cluster
size.

- The stable Xeg0s5
cluster moves by
binding two
additional vacancies.

Preliminary estimates from statics calculations of the
migration barrier for different vacancy clusters in UO,.
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D,: Fission gas migration under irradiation

Left axis diffusivity per fission rate Temperature dependence of
Right axis typical diffusivity in reactor the diffusivity
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D* = (AB + AE)P
Diffusion for cation, O, Xe and Kr in UO,, ThO, and PuO,. Near-
athermal mechanism and within scatter of experiment. Ratio of 10:1
for ratio of electronic to ballistic contribution. Little difference

between actinide oxides.
M.W.D. Cooper et al. J. Nucl. Mater. 481 125-133 (2016).



Fission gas bubble re-solution mechanisms

* In homogeneous re-solution, individual gas
atoms are ejected from the gas bubble through
collisions with energetic fission fragments or

recoll uranium atoms that are traversing the
bubble

* The kinetic energy acquired by gas atoms
through these collisions can range up to the
maximum ballistic energy of a fission fragment

* For re-solution to be achieved a gas atom must
acquire energy above a critical value E_..

* In the heterogeneous model bubbles are almost
completely destroyed by the passage of a fission

fragment in the vicinity of a bubble

* The destruction of the bubble occurs through A

— ."

either the vaporization of the dense gas due to
the passing pressure wave or to the trapping of
gas atoms in material thrown from one side of

the bubble to the other

* This mechanism requires modeling of the entire
Interaction of the bubble with the fission thermal
spike
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MD simulations of heterogeneous resolution

slice cut

32 nm ﬁ

3 O
total 6.5 M atoms
X 5X16 = 90 nm

* Interatomic potentials:
UO,: 2014 Cooper potentialll.
Xe-UO,: 2016 Cooper potentiall2].
Xe: 2003 Tang-Toennies potentialBl.

Thermal spike radius = 4 nml4l,
Simulation at 600 K.
Bubbles are filled with gaseous Xe atoms.

[1] W. D. Cooper, et al., J. Phys.: Condens. Matt. 26, 105401 (2014).

[2] W. D. Cooper, et al., J. Phys.: Condens. Matt. 28, 405401 (2016).

[3] K. T. Tang and J. P. Toennies, J. Chem. Phys. 118, 4976 (2003).

[4] based on e-ph coupling constant A = 4 nm from Toulemonde et al, NIMB 166 (2000) 903.



MD simulations of heterogeneous resolution

R0O.8N36 bubble subjected to 16 keV/nm thermal spike.
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MD simulations of size dependent resolution

Number of Re-solved Xe

Effective Energy Transferred to the Lattice (eV/atom)
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solved Xe

Fraction of Re

MD simulations of pressure dependent resolution
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Fraction of re-solved Xe does not depend on Xe density,
consistent with Govers’s observation.



MD simulations of dE/dx (S,)

Effective Energy Transferred to the Lattice (eV/atom)

10 2 4 6 8 10
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N RO.8nm (N24,N36,N48) to _
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Fission gas bubble re-solution

On-center Data
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N,

res

= 0.25N{1-exp[-0.1967*(S 4 9.042)*exp(-1.1756R) |}

N_. 1s the number of re-solved Xe.
N 1s the number of Xe in the bubble.
R is the bubble radius in nm.

S.g 18 the effective electronic dE/dx

transferred to the lattice in keV/nm.




Updated fission gas re-solution model

R=1nm

N_. /N =0.25{1-exp[-0.1967*(S49.042)*exp(-1.1756R)|} | =0.09 = S = 16 keV/nm

res

Turnbull’s model of re-solution rate:

2/ Ry =Rf=1nm
bnet = m(Rp + Rf) (2Fus) (completely re-solved) = 1.5x 1073 /s += F =104 nm?s-
—— | S Me= 6 pm

areaof  fission rate range of
influence density fission gas

Should be modified to:
bre: = (Ry + Rf)z(zﬁ'ﬂf) ¥ 0.25{1 — exp[—0.1967(S,y; — 9.042)e~11756R]}

iy
bhee = (Ry + Ry)” (2F i) » ﬂi f 0.25{1 — exp[—0.1967(S.s; — 9.042)e~11756RP [} qx
f

0
for S > 9.042 keV/nm, else the integrant = 0. depend on x




Xolotl*

- Xolotl (SHO-lottle) is the Aztec god of lightning and death

* Developed from ‘scratch’ for the SciDAC project, designed for HPC

(current and emerging architectures — multicore, multicore+accelerator)
to solve advection — reaction — diffusion cluster dynamics problems
within spatially-resolved continuum domain (C++ with MPI and
independent modules for physics, solvers and data management)

« 2D and 3D recently implemented

* Model considers continuum concentration of He, vacancies, interstitials and mixed
clusters at spatial grid points, solving the coupled advection-reaction-diffusion equations

5,C =¢-p+ DV C —ViC — Q(C)

A saturated
H/He . \I’ |ayer l //

cluster/bubble  grosion / u%
00 \\Q o.:. Surface ] IR
0Q0e00 oo ddPo0 0 N
® XX X ooooo T R R N
5&' 00000000 B S 17 S theh Ly
.::;i{o 000, 00000
(X)) XX XXXXXXXx
oooooooyf:oqﬁooo

vacancy trapped H/He interstitials

C(V ) I C(IHlel\lll)

* Available at http://sourceforge.net/projects/xolotl-psi/



Fission gas evolution modeling

* Developed a suite of test problems at low to higher burnup to begin testing/evaluating
the continuum approaches & connecting detailed bubble populations to reduced order
models

Test problem:

* No spatial dependence,

« Xe introduced at 2E18 m=3s! (Fission rate ~ 8E18 m3s7)

* Model ~ 2 years (7E7 seconds), corresponding to ~0.83% burnup - 7.9 GWd/ton
Temperatures of 1000, 1100, 1200, 1300, 1400 and 1560°C

-- Monitor bubble size, mean size as function of Temperature
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800 1000 1200 1400 1600 180C
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“Baker, JNM 66 (1977) 283-291.



Initial Xolotl predictions

* Initial Cluster Dynamics
modeling results (without re-
solution) are representative in
terms of intragranular bubble
density and size

* Provide a platform for
uncertainty quantification/
sensitivity analysis on Xe
diffusion mechanisms/
diffusivity

* Future efforts will expand
spatially-dependent modeling
to predict both intra-granular
and inter-granular bubble
formation & inform reduced
parameter models (c.f.,
Pastore presentation)
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Experimental data (Baker, 1977)
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Summary

- Multiscale approach involving both an atomistic, ‘bottom-up’
perspective along with simultaneous ‘top-down’ modeling to improve
understanding of long-standing problem of fission gas diffusion and
bubble evolution mechanisms leading to fission gas release

Initial conclusions:

- Fission gas diffusion mechanims under irradiation remains uncertain,
but evidence points to vacancy-cluster mediated diffusion at higher
temperatures and radiation-enhanced diffusion at lower irradiation
temperatures

- Re-solution of gas atoms dominated by heterogeneous resolution, but
bubble dissolution is not complete — newly derived model has a
threshold dE/dx & is sensitive to bubble size & track overlap with
bubbles

- Developing spatially-dependent cluster dynamics for Xe fission gas
bubble populations - initial results promising, but need to demonstrate
influence of re-solution and spatial dependence to provide
“computational database” for reduced parameter models

- Need to extend beyond intra-granular bubbles — plans to couple to
phase field (MARMOT) for grain boundary bubble evolution



Improving computational efficiency of Xolotl for Philp C. Roth, ORNL, rothpc@ornl.gov

David Bernholdt, ORNL, bernholdtde@ornl.gov

modeling gas bubble evolution in nuclear Sophie Blondel, UT-Knoxvill, sbiondel@utk.edu

m ateri al s Brian Win:,NUE'I-'-SKCring;vCiII;,ill;;i:\;i;tr:@utk.edu
Problem App roach : ,
= Xolotl reaction-diffusion cluster dynamics code = Diagnosed performance bottlenecks using Xolotl’s
developed within Plasma Surface Interactions (PSI) built-in performance infrastructure
SciDAC project and adapted for nuclear fuel = Modified ti twork look t k
simulation in NE-SGDAC-Pilot project with OINEA reaction NEANOTE 00K Maps  tSe 16
collaboration from SciDAC Institute for Sustained strings instead of composition maps — cheaper to
Performance, Energy, and Resilience (SUPER) compare and enables reuse

= Xolotl reaction network initialization did not scale well . pade supercluster reactant grouping more efficient
with respect to problem size : _
by removing many reactants at once and eliminating

= Adequate performance for smaller PSI reaction networks T
= Desired NE test problem scales were intractable due to poor redundant examination of known reactants

reaction network initialization performance

Reaction network initialization time (blue) and total run time I mp act
(orange) for NE test problem, performed on Oak Ridge T -
Leadership Computing Facility’s Eos system. Left-to-right, . pr[lmlzza_tlons reduced Xolotl reactlon ne_twork
bars indicate performance of initial, baseline version to initialization time for nuclear fuel applications from 23+
(s)g;llrglzed version. Note elapsed times are plotted on a log hours to under 7 seconds (|mproyem ent of 104 times)
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